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Abstract: Using the VIMS Sea Carousel to conduct in-situ experiments in lower Chesapeake Bay, we
found significant spatial a.nd temporal difference of the critical bed shear stress for sediment
resuspension, tcr- At the Wolftrap site, tcr varied from 1.1 Pa in the summer to 1.9 Pa in the winter. At the
Burwell Bay site, although the bed was too soft for anchoring our research vessel against the changing
tide, we identified that tcr was 0.045 Pa. At the Old Plantation site, there was a small amount of fluffy
material on top of the bed. At a winter deployment at the Cherrystone site, we found a layer of consolidating fluffy sediment at the surface. Within this layer, there was a transition from fluid mud (without
erosion resistance) to bed (with erosion resistance).
A typical "type I" behavior of sediment resuspension has been identified at all sites. For this type of
behavior, the resuspension rate decreases with time for a given constant bed shear stress larger than tcr.
This implies that the eros:.on resistance increases with depth. The natural sediments behave like cohesive
sediments because of the biochemical processes.

INTRODUCTION

When studying the sediment resuspension
process, one needs to know the following parameters: the bed shear stress, lb, the critical bed shear
stress for sediment resuspension, tcr, the

Sea Carousel (Maa et al. 1993) for scrutinizing the
sediment resuspension process. Although this
study is still in its early stages, the preliminary
results show a quite different critical bed shear

resuspension behavior, and the resuspension rate,
E. Recent advances in the study of hydrodynamics

stress for sediment resuspension in lower Chesa-

peake Bay.
The VIMS Sea Carousel is an annular flume
operating on the same principle as other annular
flumes used in many laboratories (Fukuda 1978
Wainright 1988, Burt and Game 1985). The most
significant difference is that the flume is designed
specifically for field applications. Excepting some
details, the VIMS Sea Carousel is similar to the Sea
Carousel developed in Canada (Amos et al. 1992).
Figure 1 shows the flume at a deployment. Two
cylinders of 0.2 m height with diameters of 2.0 m
and 2.3 m form the inner and outer walls of the
flume. The two cylinders have a sharp edge so
they can penetrate the seafloor when lowered from
a boat. Two bearing plates stop t1.e penetration at
a selected elevation to give a 0.1 m channel depth.
A ring, driven by a DC motor and controlled by a
shipboard motor controller, rotates at the top of
this channel at selected constant speeds to generate

and computing resources provide a better estimation of ~. However, no such progress has been
made toward a better understanding of the other
parameters. This is because of the complexity of
natural sediments and associated biochemical
processes in natural environments.
Natural estuarine sediments are usually a
mixture of many different grain sizes and involve
some biochemical processes. Their resuspension
behavior changes with time as well as location
because of the different physical, chemical, and
biological activities. Collecting sediment samples
and conducting laboratory experiments are usually
not sufficient because of the difficulty in duplicating natural beds (Maa and Lee in review) and
controlling biochemical processes. At the Virginia
Institute of Marine Science(VIMS), we envisioned
these difficulties, and thus developed the VIMS
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flows for sediment resuspension. Thus, an enclosed annular channel is formed with the nahrral
substrate as the floor. Reasonably good seals
between the rotating ring and the sidewalls permit
the use of an OBS (Downing et al. 1981) to measure
the concentration of suspended matter within this
flume, and U,e total eroded sediment mass. OU,er
details of the VIMS Sea Carousel can be found in
Maa et al. (1993).
The rotating ring provides the driving shear
force at the top boundary. This shear force
induces a tangential flow as well as a secondary
flow. This secondary circulation is beneficial for
studying resus pension processes because it
maintains a reasonab ly uniform suspension of
eroded sediment in the flume. A numerical
model s tudy (Maa 1993) and laboratory experiments (Maa e t al. in r eview) showed that reasonably uniform bed shear stresses could be
achieved throughout the flume. The relationship between the spatially averaged bed shear
s tress and ring speed for a 0.1 m channel depth
is g iven as t == 0.0114 1.693, where tis the
spa tially averaged bed shear s tress given in Pa
(N/m2) and is the ring speed in rpm.

RESULTS OF FIELD EXPERIMENTS

To date, we have conducted several experiments at the following sites: Burwell Bay, Wolftrap,
Old Plantation, Cherrystone, and Duck experimental site, N.C. Except for the last location, all are in lower
Chesapeake Bay. Figure 2 shows these locations.
Wolftrap Site
We have conducted iliree experiments at the
Wolftrap site (lat. 37°16'07"', long. 76°09'52").
Details of the firs t two experiments have been
reported elsewhere (Maa et al. 1993). The mean
water d epth at this site was 11.6 m. The tidal range
was about 1 m. At this site, tidal currents were the
major force of erosion except during storms. The
measured maximum tidal current at 1 m above the
sea floor was about 0.2 m/sec (Wright et al. 1992).
The top 5 mm sediment sample collected dw-ing
the last experiment ( 14 May 1992) at this site
indicated fuat fue sediment was composed of fine
sand (2%), very fine sand (53%), silt (40%), and clay
(5%). The median grain size was about 0.07 mm.
The first experiment was conducted on 19 June
1991. The bed sh ear stress was increased incrementally from a minimum of 0.025 Pa to a maxi-

Figure 1.VIMS Sea Carousel (after Maa et al. 1993).
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mum of 0.34 Pa over a period of 140 minutes
(Figure 3a). For the first six bed shear stresses, the
concentration of suspended matter in the flume
was practically unchanged. These values may
reflect the original ambient concentration of
suspended matter. It is clear that the resuspension
began when tb reached 0.19 Pa. When 1b further
increased, more sediment was suspended.

The second experiment was conducted on 8
October 1991. Figure 3b shows the results. The
concentration data show that the sediment was
resuspended when tb = 0.11 Pa (or more liberally,
at q, =0.09 Pa). Thus we may say that tcr =0.11 Pa.
This critical bed shear stress was considerably lower
than that obtained from the first experiment,
tcr = 0.19 Pa.
The last two experiments on this site were conducted on 14 May 1992. The results are given in
Figure 4. The concentration data shown in Figure 4a
indicate that tcr is about 0.14 Pa. (figure 4b. )shows the
results of a resuspension test. We see a gradually
decreasing concentration of suspended matter for
each given tb, with the rate of decrease increasing
0.12----·---------r0,15
Wolftrap Site

Date: 5/14./92

·,:

Figure 2. The experiment: sites.
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Figure 4. Results from the third wolftrap experiments. (a) For identifying tcr; (b) A resuspension
experiment.

with q,. This may be due to the leaking rate
increasing with ring speed (i.e., tb)· If the water
leakage is considered as a constant for a given
ring speed, we can envision that the resuspension
rate would decrease with time. We will discuss
this issue later.
Notice that the tcr's are quite different for the
three experiments. The reason of these differences
may come from bioturbation, the seasonal differences in biochemical process (Brekhovskikh et al.
1991), or spatial sediment heterogeneity. Further
investigations are under way to address this issue.
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Figure 3. Results from tht~ Wolftrap experiments.
(a) First experiment. (b) Second experiment.
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Figure 5. Photo images of the seafloor at the Wolftrap Site. (a) A relatively smooth surface before experimen t with a burrowing sea anemone in the flume. (b) After experiment, the surface is rough because of the
exposure of polychaete tubes, amphipod tubes, and phoronid worms. (After Maa et al. 1993).
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a much lower value when compared with data
obtained from the other sites. Possible reasons
may include the large content of silt and clay
and strong bioturbation.

Figure 5 shows two photo images obtained
from the third deployment. They clearly show that
the original, relatively smooth surface Figure Sa
was considerably roughened by erosion Figure Sb.
The abundance of bioactivit:ies shown in Figure Sb.
further demonstrate the complications of natural
sediments and the difficulty in duplicating the bed
in laboratories to emulate the associated
geobiochemical processes.

Old Plantation Site
We conducted two experiments at the Old
Plantation site (lat. 37°12'34", Long. 76°06'19") on
15 May 1992. At this site, the water depth was
10.7 m, and the tidal current was about 2 m/ sec at
the surface. Grain size analysis of the top 5 mm
sediment samples showed that the sediment was
mainly a mixture of very fine sand (77%) and silt
(18%). The mean g:rain size was 0.067 mm. Figure
7a shows the results of the first experiment. At this
site, we noticed that even at the first tb, 0.06 Pa,
sediment was stirred up. This may represent the
dispersion of surficial fluffy particles. This response was further enhanced when tb = 0.07 Pa.
After reaching its maximum at t 20 minutes,
however, the concentration decreased with time
and did not show any increase when we further
increased lb to 0.09 Pa and 0.12 Pa. The concentration raised again when tb = 0.14 Pa. This behavior
may be interpreted as follows. There was small
amount of fluff on top of the bed. It was easily
dispersed by the given small tb, and because of
leakage, it was completely dispersed in 30 min.
The newly exposed sediment could resist some
shear stress, and thus it did not response to the
following tb (i.e., 0.09 Pa and 0.12 Pa). The critical
bed shear stress, tcr, for this bed could be recognized as about 0.14 Pa.
Figure 7b shows the results of a resuspension
test. The spikes occurring around t 20 min may
have been caused by a fish trapped in the flume.
Later, divers found an escape trench dug out from
the flume, presumably by the trapped fish. If we
remove the spikes, we see a gradually decreasing
concentration of suspended matter. For the first 10
min at the next lb, 0.56 Pa, the rate of concentration
decrease was higher, and possibly caused by a
high leaking rate at: the high ring speed. (We
discuss this issue later.) After changing tidal
direction at t 45 min, the strong tidal current
dragged the R/V Bay Eagle away from her anchoring location and tilted the flume. Thus, we aborted
the experiment.

Burwell Bay Site
We only have a partially successful experiment at
this site (lat. 37°2' 34", long. 76°36'4"). The analysis of
Burwell Bay sediment samples reveals that the top 2
cm of sediment consists of 8% sand, 61 % silt, and
31 % clay. Organic content is about 6%. This site has
a moderate sediment accumulation rate of 1-3 cm/
yr (Nichols 1972). The fauna.I characteristics at this
site have been studied by Schaffner et al. (1987). For
this soft muddy sediment, we selected a small
increment of bed shear stress because we expected
the critical bed shear stress to be small.
Figure 6 shows the experimental results. The
initial spikes might have been caused by a rapid
dispersion of a small pocket of fluid mud. Because of mixing within the flume, the suspended
sediment concentration decreased sharply over
the first 3 minutes. It then decreased at a much
slower rate until the bed shear stress was increased to 0.027 Pa. At that time, more sediment
was suspended and the concentration records
showed a small "bump." 7he constant flow shear
stress that followed however, was insufficient to
maintain the same concentration because of small
leakage. When~= 0.048 Pa, a clear, sustained
resuspension began at this bed shear stress. Thus,
we can estimate that tcr is about 0.045 Pa. This is

Cherrystone Site
We conducted two experiments at this site (lat.
37°14'04", long. 76°05'22") on 14 February 1994.

Figure 6. Experiment for identifying tcr at
Burwell Bay.
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This site was not far from the Old Plantation site.
The water depth was 13 m, and the maximum tidal
current was about 0.3 m/ sec at 1 m above the sea- ·
floor. Grain size analysis of the top 5 mm sediment
samples showed that the sediment was mainly a
mixture of very fine sand (50%), silt (33%), and clay
(17%). The mean grain size was 0.063 mm. Figure
Ba shows the results of the first experiment to
identify tcr Even the smallest bed shear stress, 0.02
Pa, was able to stir up sediment. Although there
were some fluctuations, the concentration of suspended matter always increased with the bed shear
stress. We believe this response was caused by a
consolidating layer of fluff on top of the consolidated bed. This fluffy layer may have developed
some erosion resistance, and thus showed a gradual
dispersion in 72 mi. There is no clearcut way of
identifying tcr If we count this fluffy layer, then the
tcr is too small to be measured. If we exclude this
layer, our best estimate for tcr is about 0.12- 0.13 Pa.
This experiment is unique because it is the first time
in the lower Chesapeake Bay.
Figure Sb shows the results of a resuspension
test. When % was 0.24 Pa, the concentration of
suspended matter increased to 0.53 g/1 and
maintained that level until we increased % to 0.46
Pa. At the new%, the concentration reached a new
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Figure 8. Results from the Cherrystone site. (a) For
identifying tcr (b) A resuspension experiment.
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level, 1.75 g/1, but decreased right after it reached
the maximum. At the next %, 0.67 Pa, the same
behavior was observed. At the last bed shear
stress,%= 0.93 Pa, however, the concentration
maintained at 3.6 g/1 until we reduced % to 0.67
Pa. The two different behaviors may represent two
different scenarios for sediment resuspension and
leakage. We will now discuss this further.
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Conducting field experiments for studying
sediment transport is probably the most realistic
approach because it has a minimum disturbance
of the complex natural sediments and associated
biochemical processes. To provide a controllable
erosion force for field experiments with minimum
resources, however, is the most difficult part in the
design of a field instrument. At the VIMS, great
teamwork led by the director for research and
advisor service, Dr. R. Byrne, successfully developed the VIMS Sea Carousel. With this field
instrument, we can bring the laboratory to fields
and provide a wellstudied, controllable force to
study sediment transport.
Our field experiments conducted in lower Chesapeake Bay demonstrated a great range of tcr, which
varied from O.D45 Pa to 0.19 Pa for different types of
bed. Except at the Olerrystone site, we could clearly
identify tcr. At the Olerrystone site, a layer of fluffy
material existed, preventing the observation of tcr
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Figure 7. Results from the Old Plantation site.
(a) For identifying tcr (b) A resuspension experiment.
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operational condition, we may assume that
there is no more oscillation of bed shear stress.
Our auxiliary laboratory experiments conducted using a laboratory version of the VIMS Sea
Carousel and sediment samples collected at the
Wolftrap site indicated that the concentration of
suspended matter does not decrease with time at
all (Maa and Lee in review). This rules out the
contribution from the above-stated third and
fourth possible reasons. Thus, the observed
variation of concentration for suspended matter
should represent the net of sediment resuspension
and leakage. When the resuspension rate is larger
than the leakage, as happened in the raise period
of a new~, the concentration increases with time.
If these two rates are equal, then the concentration
remains constant. In cases when the resuspension
rate is smaller than the leakage, the concentration
decreases with time.
Leakage is hard to prevent completely, especially for fine sediments, simply because of the
large flume dimensions and the rotating ring. For
coarse material ( e.g., fine sand), the effects of
leakage is probably negligible because leakage
occurred at the top of the flume, where sediment
concentration is low. For experiments conducted in
this kind of bed, we see that the concentration of
suspended matter can be reasonably maintained as
a constant for a constant tb (Maa et al. 1993). For
sediments containing fine grain sediments, the
concentration of suspended matter in the flume
usually increased and reached a maximum during
the raise period and then decreased.
We may choose to correlate the erosion rate as a
function of (1) the excess bed shear stress, tex = ttJ tcr, where tcr may be a function of depth (Parchure
and Mehta 1985), o;:- (2) time (Lavelle et al. 1984).
For the first approach, a detailed vertical profile of
the bulk density for the top 0.5 cm is needed. This
is difficult because a reliable method to measure
this profile is not available yet. We are trying an
acoustic approach for resolving this problem;
however, it is still too early to make any comments.
To correlate the erosion rate as a function of time, our
findings will suffer from the drawback that the correlation would be site dependent, and could not be applied
elsewhere. For the immediate future, however, the
second approach seems to be the only feasible one, and
we are working on this issue. At this time, we will
concentrate on the interpretation of resuspension
behavior.
The resuspension behavior observed can be
explained if the resuspension rate decreases with
time for a given constant ttJ that is larger than tcr-

Notice that tcr is not the same bed shear stress
responsible for the incipient motion of sediment,
tci- This is because our OBS sensor was mounted 5
cm above the bed. It would not sense the incipient
motion,( e.g., rolling) of sediment particles at the
bed surface. Only when the bed shear stress is
large enough to entrain these particles at least
2-3 cm above the bed, is the OBS is able to sense
them. For this reason, we know that tcr must be
larger than tci· Our laboratory experiments also
found that the difference :.ncreases with grain
size. For example, tcr 2 t: ci for very fine sand.
For clay and silt, the difference is not significant
(Maa and Lee in review).
Fluffy material can be dispersed into water
columns even when% is small. After the fluffy
material is dispersed, the true bed material is
exposed. At the Burwell Bay site, we might have
had a pocket of fluid mud or fluff. At the Old
Plantation site, we probably had a small amount of
fluff. At the Cherrystone site, we had a consolidating
layer of fluff. This layer may have been changing from
fluid mud to bed. At the WoEtrap site, however, we
saw neither fluid mud nor fluffy sediment.
In our resuspension experiments, the concentration of suspended sediment always increased with
the applied tb during the first 7-9 min (if the
duration for ring speed acceleration is 5 min). This
is referred as the raise period. After this raise
period, most experiments showed the concentration decrease with time. Only a few experiments
showed a nearly constant concentration for
suspended matter. Possible reasons for this
behavior may include:
• Leakage from the flum.
• Initial oscillation of tb caused by changing ring
speed in a relatively short period.
• Decrease of the skin friction shear stress be
cause of the increase of bed roughness by
sediment resuspension.
• Deposition of large sediment particles within
low bed shear stress areas in the flum.
Our early experiments had a relatively large
fluid acceleration at the beginning of each constant
~- This is because the duration for changing ring
speeds from a low speed to the next higher speed
was short: one min This short duration may cause
~ to oscillate and resuspend more bed material
(Fukuda 1978, Maa et al. 1993). After the oscillatory ~ dissipated, the concentration of suspended
materials also decreased. We have revised the
operation procedures for our later experiments by
giving 5 min for the ring to gradually change
from one speed to the next. Under this new
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For cohesive sediments, this behavior has been
noticed a long time ago as "type I" response.
Because of the biochemical processes, the sediments
at our experiment sites all behave like cohesive
sediments. When applying a new constant tb, the
erosion rate is high at the beginning because of the
large tex· The erosion rate decreases with time
because tex is decreasing for an increasing tcr when
erosion proceeds. In other words, the bed shows
increasing erosion resistance with depth.
For all of the experiments, the resuspension rate
is larger than the leakage at the raise period because
of the large tex· Thus, the concentration always
increases during this period. In most of the experiments, because the resuspension rate decreases with
time and is smaller than the leakage after the initial
raise period, the concentration decreases. In some
cases, the concentration remained constant because
the resuspension and leakage are balanced. This
may be because tcr is a constant and tex does not
decrease while erosion proceeds.
Although all the beds show a typical type I
behavior of sediment resuspension, the variation
of tcr with depth can be clearly identified by the
different time series of suspended sediment
concentrations. We are working on identifying the
resuspension rate.
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